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Summary 
We have investigated the in vivo functional role of 
rab5, a small GTPase associated with the plasma mem- 
brane and early endosomes. Wild-type rab5 or rab5- 
ile133, a mutant protein defective in GTP binding, was 
overexpressed in baby hamster kidney cells. In cells 
expressing the rab5ile133 protein, the rate of endocy 
tosis was decreased by 50% compared with normal, 
while the rate of recycling was not significantly af- 
fected. The morphology of early endosomes was also 
drastically changed by the mutant protein, which in- 
duced accumulation of small tubules and vesicles at 
the periphery of the cell. Surprisingly, overexpression 
of wild-type rab5 accelerated the uptake of endocytic 
markers and led to the appearance of atypically large 
early endosomes. We conclude that rab5 is a rate- 
limiting component of the machinery regulating the 
kinetics of membrane traffic in the early endocytic 
pathway. 
Introduction 
In eukaryotic cells, the endocytic pathway comprises sep- 
arate stations that are biochemically and morphologically 
distinct (see Hubbard (19891, Rodman et al. [1990], and 
Murphy [1991] for recent reviews). Proteins, lipids, and 
solutes are internalized from coated pits at the cell surface 
and transported via coated vesicles into early endosomes. 
Plasma membrane molecules, such as the transferrin re- 
ceptor or the low density lipoprotein receptor, are recycled 
to the plasma membrane, whereas others are transported 
to late endosomes and lysosomes for degradation. 
The elucidation of the molecular mechanisms responsi- 
ble for membrane trafficking in the endocytic pathway is 
under extensive investigation. Surface receptors are re- 
cruited into clathrin-coated pits, which are then converted 
into coated vesicles. The clathrin cage is then thought to 
disassemble prior to fusion of the vesicles with the endo- 
somes (see Pearse and Robinson (19901 for a review). 
To dissect this complex series of events biochemically, in 
vitro assays have been developed (Davey et al., 1985; 
Gruenberg and Howell, 1986; Braell, 1987; Mayorga et 
al., 1989; Bomsel et al., 1990; Podbilewicz and Mellman, 
1990; Woodman and Warren, 1991; Schmid and Smythe, 
1991; Lin et al., 1991). These studies and others have 
provided evidence that both common and specific factors 
are required for different membrane traffic events. For ex- 
ample, the N-ethylmaleimide-sensitive factor required for 
endoplasmic reticulum to Golgi (Beckers et al., 1989) and 
intra-Golgi (Glick and Rothman, 1987) transport in vitro 
has also been shown to function in the lateral fusion of 
early endosomes (Diaz et al., 1989). However,  a different 
N-ethylmaleimide-sensitive cytosolic factor, EFT-1, is uti- 
lized for transport from late endosomes to the trans-Golgi 
network (Goda and Pfeffer, 1991). 
Small GTPases are also specific elements of the mem- 
brane traffic apparatus. Microinjection of human H-raspro- 
tein in rat embryo quiescent fibroblasts was shown to in- 
crease membrane ruffling and fluid phase pinocytosis, 
suggesting that molecules controlling cell proliferation 
may also influence intracellular transport (Bar-Sagi and 
Feramisco, 1986). In Saccharomyces cerevisiae, Sarl p 
(Nakano and Muramatsu, 1989) is required for budding of 
vesicles from the endoplasmic reticulum in vitro (Okaet al., 
1991; Rexach and Shekman, 1991) and ADP-ribosylation 
factor may play a role in the budding and uncoating of 
Golgi-derived non-clathrin-coated vesicles (Serafini et al., 
1991). YPT7 and SEC4 genes encode two 23 kd ras-related 
GTP-binding proteins involved in the regulation of secre- 
tion (Segev et al., 1988; Baker et al., 1990; Salminen and 
Novick, 1987; Goud et al., 1988). Mammaliancellsexpress 
a large number of GTP-binding proteins closely related to 
Yptlp and Sec4p, termed rab proteins (see Valencia et 
al. [1991] for a review). Morphological and biochemical 
studies have indicated that rab proteins are associated 
with distinct subcompartments along the exocytic (Chav- 
rier et al., 1990; Goud et al., 1990; Fischer von Mollard et 
al., 1990; Darchen et al., 1990; Mizoguchi et al., 1990) and 
endocytic pathways (Chavrier et al., 1990; van der Sluijs 
et al., 1991). The structural similarity of rab proteins to 
Yptl p and Sec4p, their variety, and their compartmental- 
ization suggest that they might regulate specific steps of 
membrane traffic (Bourne, 1988). However,  their function 
remains largely unknown. 
We have shown previously that rab5 is required in the 
homotypic fusion of early endosomes with each other in 
vitro (Gorvel et al., 1991). However,  the extent to which 
this type of homotypic fusion process faithfully reflects a 
functional property of early endosomes and of rab5 is not 
clear and merits in vivo testing. More importantly, the in 
vivo functional role of rab5 in vesicular-mediated transport 
is probably significantly broader than homotypic fusion of 
endosomes. rab5 is present on both the plasma mem- 
brane and early endosomes (Chavrier et al., 1990) and, 
by implication, may play an important role in regulating 
cycling between these two sites. To address the function 
of this small GTPase in mammalian cells in vivo, we have 
expressed wild-type rab5 and a dominant rab5 mutant 
defective in GTP binding in baby hamster kidney (BHK) 
cells. We chose to express the rab5 proteins transiently 
using two different vaccinia virus-based systems to avoid 
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ods of time (2-14 hr). Proteins were separated by SDS-PAGE, trans- 
ferred to nitrocellulose, and incubated with affinity-purified anti-rab5 
antibody. Sands were detected using ‘Wabeled protein A. 
(C) P2P]GTP overlay of ceils overexpressing the rab5 wild-type protein 
or the rab5ile133 mutant protein using recombinant vaccinia virus. 
After 14 hr of infection, cells were iysed and rab5 proteins were immu- 
noprecipitated. After washing, the samples were heated to 95OC and 
divided into two aliquots. Both aliquots were loaded on a 15% SDS- 
polyacrylamide gel; one of these was used for an immunoblot (Y) and 
the other for a GTP overlay (“P) (see Experimental Procedures). 
(D and E) Noninfected cells and cells infected with various vaccinia 
viruses for 12 hr were allowed to internalize HRP at 37OC for different 
periods of time. To measure fluid phase uptake during short incubation 
times (shown in [D]), a higher concentration of HRP (IO mglml) was 
used compared with longer incubation times (2 mg/mi; shown in [El). 
Cells were also incubated with HRP at O°C for different periods of time 
(closed squares). Under these conditions, no detectable HRP activity 
was measured after washing, thus ruling out the possibility that HRP 
nonspecifically sticks to the plasma membrane. Here typical experi- 
ments are shown in which each point represents the mean of triplicate 
samples that differed by less than 10%. The experiments were re- 
peated five times with virtually similar results. Open triangles represent 
noninfected cells, closed triangles represent ceils infected by rab5- 
ile133 recombinant virus, closed circles represent cells infected by 
rab5 recombinant virus, and open circles represent ceils infected by 
Figure 1. Inhibition of Fluid Phase EndocytosisCaused by rab5ile133 
Expression 
(A) Noninfected ceils, cells infected with wild-type vaccinia, rab5, and 
rab5iie133 recombinant vaccinia viruses for different periods of time 
were allowed to internalize HRP (5 mglmi) for 15 min at 37OC. The 
cells were then extensively washed (see Experimental Procedures) 
and iysed, and the amount of HRP in the postnuclear supernatant was 
measured. 
(8) lmmunobiot analysis of proteins from noninfected cells (NI), cells 
infected with vaccinia wild-type virus (WT), and ceils infected with 
either rab5 or rab5iie133 recombinant vaccinia virus for different peri- wild-type vaccinia. 
possible problems of lethality inherent in the isolation of 
stably transfected rab5 cell lines. Our  data suggest that 
rab5 is a rate-limiting GTPase that regulates the kinetics 
of both lateral fusion of early endosomes and fusion of 
plasma membrane-derived endocytic vesicles with early 
endosomes. We propose that other steps of membrane 
transport may also be modulated by the variable expres- 
sion of specific rab proteins. 
Results 
Transient Expression of rab5 and rab5ilel33 in BHK 
Cells Using Recombinant Vaccinia Viruses 
We constructed recombinant vaccinia viruses expressing 
rab5 or rab5ilel33 proteins under the control of a synthetic 
early promoter (see Experimental Procedures) for two dif- 
ferent reasons. First, since viral DNA replication is re- 
quired for expression of late phase genes, the cytopathic 
effects that occur during the late phase of vaccinia infec- 
tion can be prevented if DNA replication is inhibited by 
hydroxyurea (Vos and Stunnenberg, 1988). Second, this 
treatment leads to a constitutive activation of the early 
promoters and to accumulation of the wild-type and mutant 
rab5 proteins (see below). 
Analysis by immunofluorescence microscopy indicated 
that overexpression of rab5 and rab5ile133 proteins oc- 
curred in more than 950/o of BHK cells infected with recom- 
binant vaccinia virus in the presence of 10 mM hydroxy- 
urea (data not shown). Under these conditions, no late 
phase vaccinia marker was detected (see Experimental 
Procedures). 
rab5ile133 Inhibits Fluid Phase Endocytosis 
We first tested whether endocytosis was affected in BHK 
cells infected with vaccinia rab5 or vaccinia rab5ile133. 
Horseradish peroxidase (HRP) was internalized as a fluid 
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Table 1. Quantitation of Lipid Transport from the Golgi Apparatus to 
the Plasma Membrane in Noninfected Cells, Cells Infected with 
Wild-Type Vaccinia, rab5, or rab5ile133 Recombinant Vaccinia Virus 
Percentage of Total Fluorescence 
Cs-NBD-GlcCer Cs-NBD-SM 
Vaccinia 37.7 f 7.3 26.7 + 5.4 
rab5 55.0 e 4.1 35.5 + 6.3 
rab5ile 43.3 f 11.6 26.0 f 15.3 
Noninfected 39.0 f 2.2 26.3 f 6.1 
Cells were infected and incubated with Ca-NBD-Cer-BSA as described 
in Experimental Procedures to allow, after lipid accumulation in the 
Golgi apparatus, transport to the plasma membrane. The cells were 
then further incubated twice in 1% BSA for 30 min on ice. Lipids were 
extracted from the cells and from the BSA washes and were then 
analyzed by thin layer chromatography. Fluorescent lipids were de- 
tected by ultraviolet illumination and estimated using a fluorimeter. 
Values are the mean f standard deviation of triplicate samples. 
phase marker for 15 min after different times of infection. 
At all time points, the amounts of HRP internalized into 
cells infected with vaccinia wild-type or with vaccinia rab5 
virus were similar to noninfected control cells (Figure IA). 
This indicates that vaccinia virus infection in the presence 
of hydroxyurea does not interfere with fluid phase endocy- 
tosis. 
Fluid phase endocytosis was also unaffected in BHK 
ceils 4 hr after infection with vaccinia rab5ilel33. In con- 
trast, inhibition of HRP uptake appeared and increased 
with longer times of infection, reaching a maximal value of 
70% after 10 hr and remaining constant up to 16 hr. The 
extent of inhibition of HRP uptake appeared to be propor- 
tional to the amount of rab5ilel33 protein overexpressed. 
Maximal levels of both rab5 and rab5ilel33 proteins were 
attained 12 hr after infection (4 to g-fold over endogenous 
rab5) and remained constant for up to 14 hr (Figure 1 B). 
As expected, the immunoprecipitated rab5ile133 mutant 
protein showed no detectable GTP binding activity when 
immobilized on nitrocellulose membrane as opposed to 
wild-type rab5 (Figure 1C). These results indicate that inhi- 
bition of fluid phase endocytosis correlates with overex- 
pression of the mutant rab5ilel33 protein. 
We then measured the kinetics of HRP uptake. In cells 
infected with vaccinia rab5ile133 virus for 12 hr, the 
amount of HRP internalized was reduced to 50% com- 
pared with either noninfected cells or cells infected with 
vaccinia wild-type or vaccinia rab5 virus (Figures 1 D and 
1 E). Inhibition was observed already at early uptake times 
(30 s; Figure 1 D), suggesting that the initial rate of endocy- 
tosis was decreased, and persisted for up to 1 hr (Fig- 
ure 1E). 
Expression of rab5ilel33 Does Not Affect Lipid 
Transport from the Golgi Apparatus to the 
Plasma Membrane 
Having established that expression of rab5ilel33 affected 
the endocytic pathway, we then examined whether this 
mutant protein also perturbed the exocytic pathway. We 
measured transport from the trans-Golgi network to the 
plasma membrane of two fluorescent markers, sphingo- 
myelin and glucosylceramide, which are metabolized from 
the fluorescent &NBD-Cer precursor and are thought to 
be transported by vesicular carriers (Kobayashi et al., 
1992). Fluorometric analysis, following lipid extraction and 
thin layer chromatography, indicated that in cells express- 
ing the rab5ile133 mutant protein both lipids were trans- 
ported with similar efficiencies compared with control cells 
(Table 1). A slight increase in the transport efficiency was 
detected in cells overexpressing wild-type rab5, the signifi- 
cance of which is not clear. These data indicate that ex- 
pression of the rab5ile133 mutant specifically affects the 
endocytic pathway but not lipid transport in the secretory 
pathway (i.e., from the trans-Golgi network to the plasma 
membrane). 
Transient Expression of rab Wild-Type and Mutant 
Proteins Using the T7 RNA Polymerase 
Recombinant Vaccinia Virus System 
The recombinant vaccinia virus system described above 
leads to a moderate @-fold) and gradual overexpression 
of the rab5 and rab5ile133 proteins. We wanted to investi- 
gate the effect of higher levels of overexpression (15-fold) 
over a shorter period of time. For this purpose, we used 
the vaccinia T7 RNA polymerase recombinant vaccinia 
virus (vT7) system. BHK cells infected with vT7 were then 
transfected with plasmids containing rab cDNAs inserted 
under the control of the T7 promoter (Fuerst et al., 1986; 
Chavrier et al., 1990). We established experimental proto- 
cols to induce the expression of various rab proteins within 
30 min in more than 90% of transfected cells (see Experi- 
mental Procedures). Under these conditions, expression 
of rab5ile133 (Figure 28) led to a 50% decrease in the 
rate of HRP uptake compared with either noninfected or 
vT7-infected cells (Figure 2A). Surprisingly, high levels of 
expression of wild-type rab5 (Figure 28) led to a 2.5-fold 
increased uptake of HRP at 60 min internalization as com- 
pared with control cells (Figure 2A). Neither expression 
of rab5AC a mutant lacking the cysteines required for 
membrane association (Gorvel et al., 1991), nor rab2 with 
an N-1 mutation analogous to rab5ilel33 (rab2ilell9; P. 
Chavrier and M. Z., unpublished data) affected the kinetics 
of HRP internalization. The inhibitory effect of rab5ile133 
could be overcome by cotransfecting the cells with a wild- 
type rab5 plasmid (Figure 2A). 
These data clearly establish and confirm that expression 
of mutant rab5ilel33 protein specifically inhibits the endo- 
cytosis of a fluid phase marker, and they further indicate 
that the internalization rate can be increased by overex- 
pression of wild-type rab5. 
rab5 Modulates Receptor-Mediated Endocytosis 
of Transferrin 
We next examined whether receptor-mediated endocyto- 
sis and/or recycling was affected by the overexpression of 
rab5 and rab5ilel33 mutant proteins using thevT7 system. 
We measured a single round of internalization and recy- 
cling of surface-bound ‘251-labeled ferro-transferrin (Tf), 
since this cycle has been extensively characterized in a 
wide spectrum of cells (Hopkins, 1983; Ciechanover et al., 
1983; Dautry-Varsat et al., 1983; Klausner et al., 1983). To 
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Figure 2. HRP Internalization in Cells Expressing Various rab Pro- 
teins Using Vaccinia T7 RNA Polymerase Virus System 
(A) Nontransfected cells (open squares), cells transfected with rabd 
i/e733 (closed triangles), cells transfected with rabZile7 79 (open trian- 
gles), cells transfected with rab5AC (open circles), cells transfected 
with rab5 (closed circles), or cells cotransfected with both rab5 and 
rab5ile133 plasmids (solid squares) were incubated at 37OC for 5, 15, 
or 60 min in the presence of 5 mglml HRP. Cells were then washed 
and the HRP present in the postnuclear supernatant was measured 
as described in the legend to Figure 1. The infection or transfection 
was carried out as described in Experimental Procedures. Here the 
result of a typical experiment is shown. Each point represents the 
mean of triplicate samples that differed by 610%. The experiments 
were repeated five times with similar results. 
(B) lmmunoblot analysis of noninfected cells (NI), cells infected with 
vT7, and cells infected with the same virus and transfected with rab5 or 
rab5ile733 plasmids using affinity-purified anti-rab5 antibodies. Bands 
were detected with ‘Wabeled protein A. 
obtain a high specific surface binding at 4°C we cotrans- 
fected BHK cells with the rab5 or rab5ile133 mutant con- 
structs and with a plasmid encoding the human transferrin 
receptor (hTR; Zerial et al., 1988). lmmunofluorescence 
analysis indicated that most of the transfected cells ex- 
pressed both the rab and the hTR proteins (data not 
shown) as seen previously (Chavrier et al., 1991). In all 
transfected cells, the number of surface and total human 
1251-labeled-hTf binding sites was similar (see below) and 
90% of surface hTf was shown to be specifically bound 
(see Experimental Procedures). 
After prebinding at 4OC, the excess unbound ligand was 
removed by washing, and the cells were warmed to 37’C 
for different periods of time. The fraction of internalized 
hTf, resistant to an acid wash, was then determined. In 
cells expressing rab5ile133, the Tf cycle was slower than 
in control cells transfected only with hTR plasmid (Figure 
3A). After 2.5 min, control cells had internalized 70% of 
prebound lz51-hTf, while cells expressing the mutant rab5 
protein had internalized only 40%. After 10 min, some hTf 
0 .,.,.,.,.,.I 
0 1 2 3 4 5 6 
time (min) 
0 I I 
0 20 40 60 60 
time (min) 
Figure 3. Kinetics of Y-hTf Internalization and Recycling 
BHK cells transfected for 4 hr with the hTR plasmid without (open 
triangles) or with (closed circles) the rabd plasmid or the rab5ile133 
plasmid (closed triangles) were allowed to bind ‘251-hTf for 1 hr at WC. 
After washing with cold PBS-BSA to remove the unbound hTf, cells 
were incubated for different periods of time at 37OC to allow internaliza- 
tion of the surface-bound ‘2SI-hTf. Internal ‘251-hTf was estimated as the 
residual radioactivity after acidic washes, compared with total bound 
WhTf. The same measurements from the first 5 min of incubation 
shown in (B) are separately plotted in (A) to provide a better view of the 
kinetics of hTf internalization. 
Each point on the graph represents the mean of triplicate samples, 
and the bar is the standard error of the mean when larger than the size 
of the symbol. 
had been recycled by control cells and by cells overex- 
pressing wild-type rab5. In contrast, the maximum level of 
intracellular lz51-hTf had just been attained in cells express- 
ing rab5ile133. Thus, the rate of hTf internalization is de- 
creased in the presence of the rab5 mutant protein. Con- 
versely, the internalization rate of hTf was accelerated in 
cells overexpressing wild-type rab5. In these cells, more 
than 70% of the prebound hTf was internalized within 1 
min and 100% was after 5 min. While hTf recycling was 
delayed in cells expressing rab5ilel33, the rate of recy- 
cling was similar to normal. In fact, at later times (20-60 
min) the slope of the plotted curve closely resembled that 
of control cells. In contrast, hTf recycling was faster than 
normal in cells overexpressing rab5 (Figure 38). 
These data indicate that overexpression of the mutant 
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FRACTIONS 
1 2 3 4 5 6 7 8 9 
A Bovine brain 
clathrin-coated vesicles 
B BHK cells 
C MouseL-cells 
c- Clathrin heavy chain 
4- 100 kDa Adaptors 
Rab 5 
Rab 5 
Rab 5 
Figure 4. Distribution of rab5 on Linear Ficoll/D,O Density Gradients 
BHK cells (B) and mouse L cells (C) were fractionated according to Woodman and Warren (1991) as described in Experimental Procedures. The 
last step of the procedure involves a centrifugation on a linear Ficoll/DnO density gradient (fraction 1, bottom; fraction 9, top). rab5 present in the 
different fractions was detected by immunoprecipitation and GTP overlay, as indicated in Experimental Procedures. As a control, clathrin-coated 
vesicles purified from bovine brain were also fractionated by the same procedure, and major proteins were visualized by Coomassie blue staining 
after SDS-PAGE (A). rab5 was detected by immunoprecipitation and GTP overlay. 
rab5ilel33 protein not only inhibits fluid phase endocytosis 
but also affects the kinetics of receptor-mediated endocy- 
tosis. Conversely, the kinetics of endocytosis and recy- 
cling are both accelerated by the overexpression of the 
wild-type rab5 protein. 
rab5 Is Present in Clathrin-Coated Vesicles 
The data described above suggest that rab5 is a compo- 
nent of plasma membrane-derived vesicles. Accordingly, 
by electron microscopy rab5 was occasionally seen asso- 
ciated with plasma membrane-coated profiles (data not 
shown). To investigate this in more detail, we purified 
clathrin-coated vesicles from cultured cells by the method 
of Woodman and Warren (1991). This procedure allows 
the separation of dense clathrin-coated vesicles from the 
light plasma membrane and endosomes on density gradi- 
ents. As a control, clathrin-coated vesicles purified from 
bovine brain were also fractionated using the same proce- 
dure. In the control samples(Figure4A), rab5 was predom- 
inantly detected in the dense fractions together with the 
bulk of the 100 kd adaptors and the clathrin heavy chain, 
some of which (representing free clathrin and empty 
cages) was recovered in the light fractions. In contrast, 
neither rab7 nor rab2 was detected in clathrin-coated vesi- 
cles purified from bovine brain (not shown). We estimated 
by quantitative Western blotting (see Experimental Proce- 
dures) that each vesicle purified from bovine brain carries 
at least two rab5 molecules. However,  this is an underesti- 
mate because we observed lossof rab5 during the purifica- 
tion (not shown). After fractionation of BHK cells (Figure 
46) a significant fraction of rab5 (28% of total) was also 
recovered in the dense fractions containing the clathrin- 
coated vesicles. We have previously shown that rab5 is 
exclusively localized to the plasma membrane and early 
endosomes (Chavrier et al., 1990). Therefore, we interpret 
these fractionation data as indicating that rab5 is present 
in plasma membrane-derived clathrin-coated vesicles. 
Morphological Alterations of the Early Endosomes 
Revealed by Confocal lmmunofluorescence 
Microscopy 
We next examined the morphology of endocytic organ- 
elles in cells overexpressing hTR and rab5 or rab5ile133 
proteins. Using the vT7 system described above, we ex- 
amined the effect of a sudden and large increase in rab5 
or rab5ile133 expression. We analyzed the transfected 
cells by double immunofluorescence confocal microscopy 
using the monoclonal anti-hTR and the affinity-purified 
anti-rab5 antibodies. In control cells expressing hTR only, 
the hTR antibody labeled characteristic early endocytic 
structures that were also positive for endogenous rab5 
(Figures 5A and 5B). In cells overexpressing the wild-type 
rab5 protein, many larger vacuolar structures containing 
hTR were observed in the perinuclear area compared with 
control cells (Figures 5C and 50). In contrast, in cells over- 
expressing the mutant rab5ilel33 protein, the two antibod- 
ies labeled small vesiculotubular structures organized in 
a fine network (Figures 5E and 5F). However,  although in 
these cells the anti-hTR antibody gave a punctate pattern 
spread throughout the cytoplasm, typical perinuclear late 
endosomes could be stained by an anti-rab7 antibody (Fig- 
ures 5G and 5H; Chavrier et al., 1990). 
These results suggest that overexpression of the rab5 
protein expands the size of early endosomes. Conversely, 
Figure 5. Confocal lmmunofluorescence Microscopy 1 
BHK cells were infected with vT7 virus and transfecte 
(E-H) plasmids as described in the legend to Figure 4. 
was performed as described in the legend to Figure 1 
affinity-purified antibody diluted to concentrations of 1: 
base of the cells. Bar = 10 urn. 
I\nalysis of Cells Overexpressing rab5 or rab5ilel33 
sd with the hTR (A and B) or cotransfected with the hTR 
Labeling using anti-rab5 (8, D, and F), anti-rab7 (H), or ai 
Endogenous rab5 (B) or only overexpressed rab5 protei 
5 and l:lOO, respectively. These are images of one opticE 
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Figure 6. Early Endocytic Structures in vT74nfected BHK Cells and in Cells Overexpressing rab5 
(A and B) BHK cells were infected with vacciniavT7 and transfected with rab5 plasmid using the vT7 system as described in Experimental Procedures. 
Four hours after infection, the cells were incubated with HRP for 5 min at 37°C before fixation and processing for Epon embedding. Semithick 
sections (approximately 208 nm thick) were cut parallel to the substratum and were viewed unstained. HRP reaction product is predominantly in 
atypically large ring-shaped early endosomes (indicated by arrowheads). Few other structures are labeled. Such a pattern of labeling was observed 
in approximately 65% of the cell profiles examined (see Table 2). 
(C) BHK cells were infected with vaccinia vT7 without subsequent transfection. HRP labels clusters of small tubules/vesicles (small arrowheads) 
in addition to larger structures (large arrowheads) in which a ring of HRP surrounds an electron-lucent area. These early endosomal structures have 
been well-characterized in noninfected BHK cells (Griffiths et al., 1989). 
Bars = 1 urn. 
overexpression of rab5ilel33 induces the appearance of 
small early endocytic structures, while late endosomes do 
not seem to be affected. 
a blind fashion, 65% of the cell profiles showed such a 
morphology (Table 2). In contrast, in the vast majority 
Electron Microscopic Analysis of Early 
Endocytic Structures 
Next we performed an electron microscopic analysis of 
cells overexpressing the wild-type and mutant rab5 pro- 
tein. HRP was internalized for various times and semithick 
sections (approximately 200 nm) were used to visualize 
the complex organization of the endosomal compart- 
ments. 
After 5 min of HRP internalization, control cells (only 
infected with vT7) showed labeling of r ing-shaped profiles 
and peripheral tubules (Figure 6C) similar to those ob- 
served in noninfected BHK cells (see Griffiths et al., 1989). 
In cells overexpressing rab5, fewer tubular and vesicular 
profiles were detected (Figures 6A and 6B). The character- 
istic early endosomal profiles revealed by the HRP reac- 
tion product were generally much larger in diameter than 
in control cells (reaching 3 urn diameter as compared with 
0.8 pm in control cells). In an experiment quantitated in 
Table 2. Quantitation of Cells Showing Different Phenotypes by 
Electron Microscopy 
Proportion of Cells Showing Different HRP 
Labeling Patterns 
Wild Type Small Large 
vT7 65% (44) 15% (8) 0% (0) 
rab5 25% (16) 9% (6) 65% (41) 
rab5ile 31% (22) 69% (50) 0% (0) 
Cells infected with vT7, or infected with vT7 and transfected with rab5 
or rab5ile733 plasmid, were fixed, then semithick sections were cut 
parallel to the substratum as described in Experimental Procedures 
and scored in three different classes: Wild Type, when the pattern of 
HRP labeling was similar to that in noninfected cells (see Figure 6C); 
Small, when a large number of peripheral small vesicles or tubules 
were evident and there were few recognizable early endosomes (see 
Figure 7); Large, when atypically large endosome were observed (see 
Figures 6A and 6B). This scoring was performed in a blind fashion, 
using a code that was not broken until the quantitation was completed. 
Values in parentheses are the number of cells scored. Similar results 
were obtained in several different blind experiments, 
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Figure 7. Early Endocytic Structures in Cells Overexpressing rab5ilel33 
BHK cells were transfected with rabMe733 plasmid and then were incubated with HRP for 5 min (A) or 10 min (B-D) at 37%. After processing for 
Epon embedding, semithick sections parallel to the substratum were prepared. In (A) HRP labels small structures predominantly located in the cell 
periphery. This pattern of labeling was observed in the majority of the cell profiles examined (see Table 2). A similar labeling pattern is observed 
after a 10 min incubation with HRP (B-D), but more large early endosomal structures are evident (large arrowheads). At higher magnification (B 
and D) a variety of different structures appear to be labeled, some of which are tubular (small arrows) while others have similar morphology to coated 
vesicles (small arrowheads; double arrowheads indicate a possible unlabeled coated vesicle for comparison). In thin sections, the clathrin coat on 
such structures is more evident (inset). 
The bars in the main figures represent 1 pm; in the inset the bar represents 100 nm. 
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(69%) of rab5ilel33-expressing cells, HRP was restricted 
to peripheral tubular structures and to vesicles with the 
size and morphology of coated vesicles (Figures 7A, 78, 
and 7D; Table 2). The small peripheral tubules seen in 
these cells (see arrows in Figure 7D) did not appear to 
derive directly by uncoating of coated vesicles, but possi- 
bly by fragmentation of early endosomes. Typical early 
endosomes were seldom detected under these conditions 
(Table 2). However,  after a 10 min incubation, the HRP 
labeling pattern was as above, but, in addition, character- 
istic endosomal structures could be observed (Figure 7C), 
consistent with the biochemical data indicating that trans- 
port to early endosomes is delayed in these cells. Similar, 
albeit less dramatic, differences were observed in cells 
infected with the recombinant rab5 and rab5ilel33 viruses 
(data not shown). 
These results suggest that fusion of clathrincoated 
vesicle-derived structures with early endosomes is delayed 
in rab5ilel33expressing cells, thus leading to accumulation 
of transport intermediates. Furthermore, in agreement with 
the confocal immunofluorescence microscopy results, early 
endosomes appear fragmented in these cells. 
Using a stereological procedure, we quantified the vol- 
ume of the HRP-labeled structures after 5 min and 10 min 
of internalization and expressed the value as a percentage 
of the cytoplasmic volume (Table 3). In cells infected with 
vaccinia virus, the volume of HRP-labeled organelles did 
not increase dramatically between 5 min and 10 min of 
HRP internalization. This is consistent with previous find- 
ings in noninfected BHK cells (Griffiths et al., 1989). In 
cells expressing the rab5ile133 protein, the volume of the 
compartment labeled after 5 min HRP internalization was 
lower than that of control cells and reached the normal 
value only after 10 min of internalization. Conversely, in 
cells expressing the wild-type rab5 protein, after 5 min 
internalization the volume of the HRP-positive compart- 
ment was already larger than in control cells and was in- 
creased after an additional 10 min. These results suggest 
that either the volume of early endosomes is increased or 
transport to later structures has occurred (or both). 
To investigate whether late endocytic structures were 
also affected by the overexpression of rab5 and rab8 
lle133, bovine serum albumin-gold (BSA-gold) was used 
to label late compartments prior to transfection (see Exper- 
imental Procedures). After transfection, HRP was internal- 
ized for 30 min and in both sets of cells HRP reached 
approximately 50% of the gold-labeled late endosomes. 
Thus, overexpression of rab5 or rab5ilel33 does not pre- 
vent transport to late endocytic compartments, although 
we cannot rule out the possibility that the kinetics of trans- 
port are modified in these cells. 
We also quantified the percentage of plasma membrane 
occupied by coated pits. Similar values were found for 
vaccinia-infected cells and rab5ilel33-expressing cells. In 
contrast, there was a 45% decrease in the density of 
coated pits in cells overexpressing the wild-type rab5 pro- 
tein compared with control cells (Table 3). Based on previ- 
ous findings (Griffiths et al., 1989) and on our biochemical 
and morphometrical analyses, we estimate that in cells 
expressing rab5ile133 mutant protein, the lifetime of a 
Table 3. Stereological Estimation of Surface Area Occupied by 
Coated Pits and of the Volume Density of HRP-Labeled Structures 
Percentage of Plasma Percentage of Cytoplasmic 
Membrane Occupied Volume Occupied by HRP- 
by Coated Pits Labeled Structures 
vT7 1.20 f 0.39 0.40 f 0.08 (5 min HRP) 
1.31 e 0.36 0.44 f 0.08 (10 min HRP) 
rab5 0.53 k 0.20 0.57 * 0.14 (5 min HRP) 
0.82 k 0.27 0.67 f 0.18 (10 min HRP) 
rab5ilel33 1 .I0 f 0.36 0.31 f 0.07 (5 min HRP) 
1.21 f 0.30 0.47 + 0.08 (10 min HRP) 
Cells infected with vT7, or infected with vT7 and transfected with rab5 
or rab5ile733 plasmids, were fixed and thin sections were cut perpen- 
dicularto theculturedish toobtain randomverticalsections(seeExper- 
imental Procedures). The fraction of the plasma membrane area 
occupied by coated pits was then estimated. The fractional volume of 
the cytoplasm occupied by HRP-labeled structures was estimated by 
point counting. 
surface-coated pit was prolonged from - 1 min in control 
cells to - 2 min, while in cells overexpressing the wild-type 
rab5, it was decreased to - 13.5 s (see Experimental Pro- 
cedures). 
Discussion 
In the present study, we report that rab5 acts as a regulator 
of the kinetics of transport between the plasma membrane 
and the early endosomes. We found that transient expres- 
sion in BHK cells of the mutant rab5ile133 protein leads 
to a 50% decrease in the rates of both receptor-mediated 
and fluid phase endocytosis. In contrast, the kinetics of 
recycling were hardly altered. More importantly, overex- 
pression (15-fold) of the wild-type rab5 protein accelerates 
the kinetics of both fluid phase and receptor-mediated en- 
docytosis. This implies that rab5 is rate limiting for the 
machinery regulating endocytosis. Other components 
must be present in excess. This is clearly the case for 
clathrin, which is found in an abundant soluble pool (Goud 
et al., 1985). rab5 and, possibly, other rab proteins might 
tune the kinetics of individual transport processes, de- 
pending on their level of expression. In agreement with 
this proposal, rab4, which has been localized to early en- 
dosomes (van der Sluijs et al., 1991) also appears to be 
rate limiting in the recycling pathway (van der Sluijs et al., 
1992, this issue of Cell). 
How Do rab Proteins Fit into the Membrane 
Traffic Machinery? 
By analogy with the kinetic proofreading function of the 
elongation factor EF-TU in protein synthesis, it has been 
postulated that the rab GTPases may be required to medi- 
ate the specificity of interaction between molecules on 
the donor and acceptor membranes (Bourne et al., 1991). 
Through conformational changes, the cycle of GTP bind- 
ing and hydrolysis would ensure that the targeting and/ 
or fusion process is irreversible. According to this model, 
transport would be perturbed by affecting nucleotide bind- 
ing and hydrolysis, which is precisely the case with domi- 
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nant interfering mutants (Schmitt et al., 1988; Walworth et 
al., 1989) such as rab5ile133 (this study). In addition, the 
transport rate could be stimulated by an increase in the 
quantity of proofreading factor. Specifically, rab5 overex- 
pression may increase the probability of effective interac- 
tions between donor vesicles and the docking machinery 
on acceptor membranes. This raises questions about the 
stoichiometric ratio between rab5 and other GTPases on 
the one hand and other factors of the targeting/fusion ma- 
chinery on the other. 
Where Does rab5 Exert Its Function? 
From studies on the kinetics of Tf uptake, it seems likely 
that the coated vesicle-mediated pathway of internaliza- 
tion is affected, since internalization of Tf is known to be 
mediated by clathrincoated pits (Hopkins, 1983; Hanover 
et al., 1984; Miller et al., 1991). Several lines of evidence 
suggest that rab5 is most likely involved in regulating the 
kinetics of fusion of endocytic vesicles derived from the 
plasma membrane with early endosomes. First, rab5 is 
associated with plasma membrane and early endosomes 
(Chavrier et al., 1990) and clathrin-coated vesicles (this 
study). Second, expression of rab5ile133 protein leads to 
a reduction in the rate of endocytosis, while the rate of 
recycling is less affected. Third, expression of rab5ile133 
protein in cells incubated with HRP for 5 min leads to 
internalization of the label into small tubules as well as 
coated (and possibly uncoated) vesicles, whereas after 10 
min HRP is found in more typical early endosomes. In 
control cells, typical early endosomes are already labeled 
after only 5 min. This strongly suggests that inhibition of 
rab5 function results in accumulation of transport interme- 
diates, i.e., uncoated endocytic vesicles presumably de- 
rived from clathrin-coated vesicles. Fourth, internalization 
of endocytic markers and transport to the early endo- 
somes, conversely, is faster in cells overexpressing wild- 
type rab5, compared with control cells. Fifth, the faster 
rate of endocytosis in cells overexpressing wild-type rab5 
protein correlates with a decreased lifetime of surface 
coated pits. Overexpression of the rab5 mutant protein 
slows endocytosis and, consistent with this, the morpho- 
metric estimations suggest that the lifetime of a coated pit 
on the surface increases. Finally, the fact that endocytic 
vesicles accumulate under these conditions argues that 
rab5 is principally involved in vesicle fusion rather than in 
coated pit/coated vesicle formation. 
Based on these observations, we favor a model in which 
rab5 binds to components present on the plasma mem- 
brane and moves with the vesicles to early endosomes. 
Fusion of these vesicles with early endosomes would be 
perturbed by expression of the mutant rab5ile133 protein 
and this would result in their accumulation. An increase in 
the expression of wild-type rab5 would increase the effi- 
ciency of the fusion process but also indirectly speed up 
the recycling steps. 
These in vivo studies also suggest that rab5 regulates 
homotypic fusion between early endosomes. Our  previous 
data demonstrated that rab5 is required in the process 
of early endosome fusion in vitro (Gorvel et al., 1991). 
Inhibition of fusion was caused by treatment with an anti- 
rab5 antibody. Conversely, cytosol containing a high level 
of rab5 protein stimulated fusion of early endosomes and 
rescued the inhibition caused by anti-rab5 antibodies. In 
addition, recent data have shown that heterotrimeric 
GTP-binding proteins are involved in endosome fusion in 
acell-free system (Colombo et al., 1992). The lateral fusion 
of early endosomes in vitro has been postulated to reflect 
the highly dynamic state of early endosomes (Gruenberg 
and Howell, 1989), although experimental support from in 
vivo studies has been lacking. 
Our  results on the overexpression of rab5 and rab5- 
ile133 in vivo provide strong support for the dynamic na- 
ture of the early endosome compartment. Overexpression 
of the wild-type protein induces an increase in the size 
of early endosomes. In contrast, in cells expressing the 
rab5ile133 protein, an accumulation of tubular structures 
and small vesicles in the cell periphery was observed. The 
tubules often had a smaller diameter than coated vesicles, 
suggesting that these structures may derive from fragmen- 
tation of early endosomes. These in vivo data are consis- 
tent with the view that the fusion of early endosomes is 
stimulated by rab5 and inhibited by rab5ile133 protein. 
Early endosomes might therefore undergo fusion and fis- 
sion reactions in vivo, forming a single functional compart- 
ment (Gruenberg and Howell, 1989; Hopkins et al., 1990). 
Perturbation of these lateral interactions could affect the 
distribution and intermixing of endocytosed molecules 
within the early endosome compartment. We conclude 
that rab5 might act as a common component of the ma- 
chinery that regulates both transport from the plasma 
membrane to early endosomes and lateral fusion between 
early endosomes. 
Changes in the morphology of various organelles have 
also been observed upon disassembly of coat proteins 
induced by the drug brefeldin A (reviewed by Pelham 
[1991]; Robinson and Kreis [1992]). However,  this is the 
first report showing that a non-coat protein regulates 
the structure of a specific organelle, and it suggests that 
the steady-state morphology of early endosomes results 
from the balance between vesicles coming from and re- 
turning to this compartment as well as from the frequency 
of homotypic interactions. It is not inconceivable that rab 
proteins might be involved in determining the extent of the 
endosomal tubular networks observed in various cell types 
(Hopkins et al., 1990; Tooze and Hollinshead, 1991). 
Both in the adult and during development, specialized 
cells from different organs in the body have different ki- 
netic requirements to fulfill their transport needs in secre- 
tion and absorption. An important implication of our find- 
ings is that the kinetics of transport could be differentially 
regulated in various cell types by specifically modulating 
the levels of rab proteins without the need to modify other 
elements of the machinery. 
Experimental Procedures 
Preparation of Recombinant Vaccinia Viruses 
Recombinant viruses were prepared essentially as described (Macketl 
et al., 1995). The procedure is based on the use of plasmids containing 
virus sequences that allow homologous recombination in vivo with the 
wild-type vaccinia virus. We used the pEAgpf plasmid (G. Paonessa 
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and H. S., unpublished data), which has the xanthine guanine phos- 
phoribosyltransferase (gpf) gene that allows dominant selection of re- 
combinant viruses in medium containing micophenolic acid (Falkner 
and Moss, 1968). This plasmid was constructed by deleting the 11 k 
promoter and the multiple cloning site from the PMS-58 plasmid (Jank- 
necht et al., 1991) and by inserting the multiple cloning site of 
pEMBL137 from Pstl to EcoRI. In addition, after cutting with the restric- 
tion enzymes Clal and Pstl, the oligonucleotide 5’~CGATAAAAA- 
TTGAAAAACTACTGCA-3,  which contains the consensus sequence 
for the early promoters (Davison and Moss, 1989). was inserted. We 
then subcloned the rab5 cDNA and the mutant rab5ile733 (Gorvel et 
al., 1991) under the control of this early synthetic promoter. Human 
143 cells were infected with wild-type vaccinia virus at 0.1 pfu per 
cell for 30 min at room temperature and, after a change of medium, 
incubated for 2 hr at 37OC. A calcium phosphate coprecipitate of 2 mg 
of high molecular weight DNA carrier and 0.1 mg of thepEAgpfplasmid 
containing eithertherabdor therab5ile133 insertwas thenadded, and 
the infected cells were incubated for 2 hr at 37OC. After a change of 
medium, the infectednransfected 143 cells were cultured for 48 hr at 
37°C. Cells were then lysed by repeatedly freezing and thawing, and 
one half of the lysate was used to infect RK13 cells. Infected cells were 
selected in micophenolic acid-containing medium for 2 days at 37OC. 
A second round of infection of RK13 was used to isolate recombinant 
viruses: cells were infected using a cell lysate from the first RK13 
infection and were cultivated under an agarose overlay in the presence 
of micophenolic acid. Agarose plugs overlaying plaques were then 
picked. Since wild-type virus can be rescued by the recombinant virus 
if both infect the same cell, the plaque purification was repeated twice. 
Infection and Transfaction 
BHK cells, grown as described (Chavrier et al., 1990) were split 18- 
24 hr before infection so that they were confluent at the time of the 
procedure. The cells were washed once with serum-free medium and 
infected with recombinant vaccinia viruses containing the different rab 
constructs driven by the synthetic promoter. Infection was carried out 
with 5 pfu per cell at room temperature for 30 min with intermittent 
agitation. Infected cells were incubated in the presence of 10 mM 
hydroxyurea for 2-18 hr at 37OC in 5% CO* and processed for further 
analysis. 
More than95%of BHKcellsinfectedfor 14hr withvacciniawildtype, 
vaccinia rab5, and vaccinia rab5ilel33 in the absence of hydroxyurea 
expressed the 14 kd late phase vaccinia marker (MAbC3; Rodriguez 
et al., 1985). Under these conditions, only low levels of rab5 and rab5- 
ilel33 proteins were synthesized. Expression was monitored by immu- 
nofluorescence microscopy using affinity-purified anti-rab5 antibodies 
at a concentration selected to detect only the overexpressed but not the 
endogenous rab5 protein. Conversely, although no 14 kd late phase 
markers were detected, high levels of rab5 and rab5ile133 proteins 
were detected in the vaccinia virus-infected cells in the presence of 
10 mM hydroxyurea. 
To study the effect of overexpressing rab5 or rab5ilel33 at high 
levels in a short time, 80% confluent BHK cells were first infected with 
vT7 (Fuerst et al., 1988) as above. The cells were then transfected for 
2 hr at 37OC with the various rab constructs driven by the T7 promoter 
using the DOTAP reagent according to the manufacturer’s instructions 
(Boehringer). To achieve a synchronous and rapid overexpresssion, 2 
hr after transfection cells were incubated for 1 hr in a medium con- 
taining 10 ug/ml cycloheximide to inhibit protein synthesis. Since the 
T7 RNA polymerase gene is expressed early upon vaccinia virus infec- 
tion (Fuerst et al., 1986) the cycloheximide treatment did not affect 
the accumulation of fab5ile133 transcripts, but it prevented the transla- 
tion of the two proteins. rab5 and rab5ilel33 proteins could then be 
expressed at high levels by washing the cells three times with serum- 
free medium and by incubating them in medium lacking cycloheximide 
for 30-60 min before analysis. lmmunofluorescence analysis showed 
that while only a few cells were positive after 30 min incubation, over 
90% of the cells expressed the exogenous rab5 or mutant proteins at 
similar levels following further incubation for 30 min in medium without 
cycloheximide. Therefore, most of the cells overexpressed rab5 and 
rab5ile133 proteins only during the last 30 min of incubation. 
In the hTf internalization experiment, cells were cotransfected with 
the rab5 or rab5ile733 constructs and with the hTR plasmid for 4 hr 
and then treated with 10 nglml cycloheximide for 90 min at 37OC. 
Estimation of Fluid Phase Endocytosis 
Triplicate 35 mm diameter dishes of infected or transfected cells were 
washed three times with Ca2+- and Mg%-free phosphate-buffered sa- 
line (PBS) containing 0.1% BSA (PBS-BSA) on ice and incubated at 
37OC with I ml of prewarmed serum-free medium containing 2-10 
mglml HRP, 0.1% BSA, and 20 mM HEPES (pH 7.4). After various 
incubation times, the dishes were placed on ice and washed ten times 
with ice-cold PBS-BSA. Subsequently, the cells were scraped and 
washed three times with PBS-BSA and once with PBS. Finally, the 
cell pellet was resuspended in 10 mM HEPES (pH 7.4) and 0.2% Triton 
X-l 00. The total amount of protein in the postnuclear supernatant was 
determined by calorimetric methods (Bradford, 1976) and the HAP 
content was estimated using s-dianisidine (Marsh et al., 1987). 
Estimation of Transferrin Binding, Endocytosis, 
and Recycling 
Purified hTf (Sigma) was iodinated with lodogen (Pierce Chemical Co.) 
as described in Podbilewicz and Mellman (1990). For binding studies, 
duplicate samples of BHK cells grown in 35 mm diameter dishes and 
transfected with hTR (see above) were washed in PBS and incubated 
60 min at 37OC in GMEM containing 0.1% BSA and 20 mM HEPES 
to deplete the cells of bovine Tf bound from the culture medium. The 
cells were then placed on ice and incubated for 1.5 hr with 1 O-300 nM 
‘251-hTf. Binding of Y-hTf at 4OC was saturable at the concentration 
of 100 pM. About 90% of the labeled hTf could be eluted from the cells 
byalternating washesat neutralandacidicpH(PBS[pH 7.41 containing 
0.1% BSA and 25 mM acetic acid in saline [pH 4.51, respectively). 
Nonspecific binding and internalization of hTf were routinely deter- 
mined by coincubating cells with labeled Tf in medium containing a 
lOO-fold excess of unlabeled Tf as competitor. Nonspecific binding 
was reproducibly less than 10% of the specific binding. 
For endocytosis studies, cells were incubated with 100 nM “Y-hTf 
at O°C for 60 min, washed three times with PBS-BSA, and further 
incubated at 37°C for different periods of time. Endocytosed ‘?-hTf 
was estimated as the residual radioactivity after acidic washes com- 
pared with total bound ?hTf. The medium was also collected, and 
released ‘%I-hTf was measured. All quantitation of ‘*V-hTf in relevant 
samples was performed by r-radiation counting. 
Estimatlon of Lipid Transport 
CB-NBD-Cer-BSA was prepared essentially as described by Koba- 
yashi and Pagan0 (1989) using defatted BSA from Sigma. A stock 
solution of 50 nmol of Ca-NBD-Cer was thoroughly dried, redissolved 
in 200 ul of ethanol, and added while vortexing to 10 ml of minimal 
essential medium (MEM) supplemented with 0.34 mg/ml defatted BSA. 
The CB-NBD-Cer-BSA-MEM solution was dialyzed overnight against 
MEM. Cells grown overnight on coverslips were washed in MEM and 
incubated for 1 hr at 20°C with Ce-NED-Cer-BSA-MEM. After three 
washes with MEM, the cells were incubated in MEM containing 3.4 
mglml BSA for 1 hr at 20°C to allow lipid accumulation in the Golgi 
apparatus. To determine the rate of lipid transport from the Golgi appa- 
ratus to the cell membrane, the coverslips were further incubated for 
1 hr at 37“C in MEM. After three washes with MEM, the cells were 
viewed under a Zeiss Axiophot photomicroscope. 
For lipid analysis, cells cultured in triplicate in 80 mm diameter 
culture dishes were treated as above and further incubated twice in 
1% BSA for 30 min on ice. The cells were then harvested, and the 
lipids from whole cells and the BSA washes were extracted essentially 
as described by Kobayashi and Pagan0 (1989). Extracted lipids were 
analyzed by thin layer chromatography on silica-gel-60 developed in 
CHCl&H30H/NHIOH/Hz0 (78:48:2:9). Fluorescent lipids were de- 
tected by ultraviolet illumination and quantified using a fluorimeter. 
lmmunofluorescence Mlcroscopy 
BHK cells grown on 10 mm diameter round coverslips for 24 hr were 
washed once with PBS and permeabilized with 0.5% saponin in 80 
mM K-PIPES (pH 6.8) 5 mM EGTA, and 1 mM MgCL for 5 min. Perme- 
abilized cells were fixed in 3% paraformaldehyde in PBS (pH 7.4) for 
15 min. After fixation, the cells were washed with 0.5% saponin in PBS 
for 5 min and free aldehyde groups were quenched with 50 mM NH&I 
in PBS for 10 min. Treated cells were washed in saponin-PBS for 
5 min and then incubated for 20 min at room temperature with the 
appropriate first antibody, prepared as described in Chavrier et al. 
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(1990) and diluted in saponin-PBS. The hTR was detected using 
monoclonal antibody 83-25 (Boehringer). After rinsing the cells three 
times with saponin-PBS, primary antibody binding was visualized by 
incubating the coverslips with TRITC-goat anti-rabbit or fluoroscein 
isothiocyanate-goat anti-mouse sera in saponin-PBS for 20 min on 
ice. After one wash in saponin-PBS and three washes in PBS, the 
coverslips were mounted in moviol and viewed with a Zeiss Axiophot 
photomicroscope. For double immunofluorescence, the appropriate 
combination of primary and secondary antibody was simultaneously 
added to the cells. For confocal analysis, the cells were treated as 
above and coverslips were viewed with the EMBL confocal microscope 
and photographed on Fujichrome 1OOD film with a Polaroid Freeze 
Frame directly from the monitor. 
Electron Microscopy 
All morphological experiments were analyzed in a blind fashion using 
a code that was not broken until the quantitation was completed. Pro- 
cessing for Epon embedding was essentially as described by Tooze 
and Hollinshead (1991) to allow visualization of tubular endosomes. In 
brief, cells in 3 cm dishes were incubated with 10 mglml HRP (Sigma, 
type II; or Serva, Heidelberg, Germany, 1362 Ulmg) for various times 
and then fixed with 0.5% glutaraldehyde in 0.1 M  cacodylate buffer. 
Cells were embedded as a monolayer in Epon. For most experiments 
the cells were sectioned parallel to the substratum. Sections were 
200-300 nm thick and were viewed unstained at 60 kV. However, for 
stereological measurements conventional thin sections were used. 
Cells were sectioned perpendicular to the culture dish to generate 
random vertical sections (Baddeley et al., 1986). The volume density 
of the HRP-labeled structures was determined by point counting and 
the percentage of the surface occupied by coated pits by intersection 
counting (Griffiths et al., 1989). The mean cell volume was unaffected 
by expression of the different constructs. From previous biochemical 
measurements of fluid phase uptake and morphological studies, BHK 
cells were estimated to internalize a volume of 0.42-0.57 mm3 per 
cell per minute, accounting for 850-l 130 vesicles per cell per minute 
(Marsh and Helenius, 1980; Griffiths et al., 1989). The lifetime of a BHK 
cell surface-coated pit was calculated to be - 1 min. Assuming that 
coated pits will give rise to coated vesicles of 100 nm diameter, the 
surface occupied by coated pits in the case of vaccinia-infected control 
cells and cells expressing the rab5ile133 mutant would give rise to 
-850 coated vesicles, while cells overexpressing the wild-type rab5 
protein would give rise to -450 coated vesicles. Since in cells overex- 
pressing the mutant protein the rate of internalization is reduced to 
50% but the surface area occupied by coated pits is similar to that 
measured in vaccinia-infected control cells, the lifetime of coated pits 
should be doubled (- 2 min) compared with normal cells. In the case 
of cells overexpressing the wild-type rab5 protein, the rate of internal- 
ization is increased 2.5-fold compared with control cells. This internal- 
ization rate would account for 2.5-fold the number of coated vesicles 
measured in control cells (-2125 coated vesicles per cell per minute). 
Since the number of coated pits present on the surface at steady 
state can generate only 450 vesicles, it follows that the lifetime of a 
surface-coated pit should be reduced to - 13.5 s to account for the 
measured rate of transport. 
To label late endocytic structures, BSA was adsorbed to 16 nm gold 
particles and added to the medium at an ODsm value of 0.5. The cells 
were allowed to internalize it for 3 hr at 37OC and were then washed 
and incubated for 12 hr in medium devoid of BSA-gold. 
Immunoprecipitation, Immunoblottlng, and GTP Overlay 
For immunoprecipitation, 35 mm diameter dishes with subconfluent 
BHK cells were lysed in 300 PI of 1% Nonidet P-40, 50 mM Tris-HCI 
(pH 7.5), 150 mM NaCI, 2 mM EDTA, and 10 pglml phenylmethylsulfo- 
nyl fluoride. The lysate was then incubated overnight with anti-rab5 
antibody in the presence of protein A-Sepharose CL4B. The immuno- 
complexes were then washed three times with the lysis buffer and 
once in 10 mM Tris-HCI (pH 7.5), heated at 95OC for 5 min, and 
separated on a 15% SDS-polyacrylamide gel. 
For Western blots, cells were lysed in standard SDS sample buffer 
and extracts were electrophoresed on 15% polyacrylamide gels. Sepa- 
rated proteins were transferred onto nitrocellulose filters. Filters were 
prewashed twice in 5% milk in PBS containing 0.2% sodium azide for 
20 min at room temperature. Then, primary rabbit anti-rab5 antiserum 
was added at the appropriate dilution and filters were incubated for 2 
hr at room temperature. After five washes of 5 min in PBS-milk, the 
filters were incubated for 1 hr with ‘?-protein A, washed five times for 
5 min in PBS-milk, and two times in PBS, and exposed to X-ray film. 
For the GTP overlay, cell extracts were prepared and separated by 
SDS-polyacrylamide gel electrophoresis (SDS-PAGE) as above. The 
gel was then soaked in 50 mM Tris-HCI (pH 7.5) and 20% glycerol for 
1 hr and transferred onto nitrocellulose filters using a combination of 
10 mM NaHC03 and 3 mM Na2C03 (pH 9.8) as a transfer buffer. After 
the transfer, the filters were rinsed twice for 10 min in 50 mM NaH2POI, 
10 mM MgCI,, 2 mM dithiothreitol, and 0.3% Tween 20 (pH 7.5) and 
incubated with l-2 mCi/ml u-[~P]GTP for 2 hr. After six 5 min washes, 
filters were autoradiographed. 
Purification of Clathrln-Coated Vesicles 
Clathrin-coated vesicles were fractionated from cultured cells ac- 
cording to Woodman and Warren (1991). The last step of this fraction- 
ation procedure involves a centrifugation on a linear Ficoll/DzO density 
gradient. After this centrifugation, the membranes of the different frac- 
tions were pelleted by high speed centrifugation (150,000 x g for 1 hr) 
and solubilized in 50 mM Tris (pH 7), 100 mM NaCI, 1% Triton X-100, 
0.5% sodium deoxycholate, and 0.1% SDS. After clarification of the 
membrane extract by centrifugation, rab proteins were immunoprecipi- 
tated. After SDS-PAGE and blotting on nitrocellulose, they were de- 
tected by GTP overlay as described above. In control experiments, 
clathrin-coated vesicles were first purified from bovine brains as de- 
scribed by Sahagian and Steer (1985) and then fractionated as de- 
scribed by Woodman and Warren (1991). The amount of rab5 protein 
detected in bovine brain-coated vesicles was estimated by quantita- 
tive Western blotting taking recombinant rab5 purified from Esche- 
richia coli as standard. Three micrograms of protein from bovine brain 
clathrin-coated vesicles was found to contain 1 ng of rab5. Assuming a 
molecular weight of 50 x 10B for intact clathrin-coated vesicles (empty 
cages ~22 x IO@; Crowther et al., 1976) and a 1 :l ratio for endocytic: 
exocytic vesicles, we estimated that a minimum of two rab5 molecules 
are associated with each endocytic clathrin-coated vesicle. However, 
this value is largely underestimated, since we noticed that asignificant 
amount of rab5 dissociated from membranes upon fractionation. 
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